Limb vascular responses to magnesium (Mg2+) and potassium (K') ions were studied in 19 young patients with borderline hypertension (BHT) and compared with those of 22 agematched normotensive subjects (NT) by measuring the forearm blood flow response to intra-arterial infusion of magnesium sulfate and potassium chloride using venous occlusion plethysmography. Percent decrements of forearm vascular resistance with Mg2`infusions were significantly less in BHT subjects than in NT (-37 be related to the alterations in calcium handling by plasma membranes rather than to the abnormalities of membrane Na+-K+ pump activity. (Circulation 1990;82:384-393) T he possible role of magnesium ion (Mg2+) in the pathogenesis of essential hypertension has recently received increasing attention.1,2 Therapeutically, magnesium salts were first shown to lower blood pressure when they were advocated for treatment of malignant hypertension in 1925.3 Conversely, reduction of Mg2+ in smooth-muscle preparations in vitro increases vascular tone and potentiates the pressor action of angiotensin II.4 Mg2+ has been shown to counter the vasoconstrictor actions of calcium ion (Ca'+): Excess magnesium will block, and the deficiency of magnesium will potentiate, the action of calcium. 
`metabolism, which ultimately may be related to the alterations in calcium handling by plasma membranes rather than to the abnormalities of membrane Na+-K+ pump activity. (Circulation 1990; 82:384-393) T he possible role of magnesium ion (Mg2+) in the pathogenesis of essential hypertension has recently received increasing attention.1,2 Therapeutically, magnesium salts were first shown to lower blood pressure when they were advocated for treatment of malignant hypertension in 1925.3 Conversely, reduction of Mg2+ in smooth-muscle preparations in vitro increases vascular tone and potentiates the pressor action of angiotensin II.4 Mg2+ has been shown to counter the vasoconstrictor actions of calcium ion (Ca'+): Excess magnesium will block, and the deficiency of magnesium will potentiate, the action of calcium.56 Several investigators have demonstrated that extracellular and membrane Mg2+ can act physiologically to control Mg2+ in SHR might be intimately related to the abnormality of cellular Mg2+ metabolism. Accordingly, Resnick et a12 have recently demonstrated low intracellular free magnesium levels in patients with essential hypertension. In contrast, Overbeck et all' observed normal forearm vascular response to Mg2+ in established hypertensive subjects. Therefore, it is still controversial whether the abnormality of vascular Mg2+ might be involved in the pathogenesis of essential hypertension.
Young patients with borderline hypertension (BHT) are at least threefold more likely to develop established essential hypertension than age-matched normotensive subjects (NT).12-14 Thus, young patients with BHT have been of particular interest to investigators because they may provide insight into the pathogenesis of essential hypertension. We were very interested in determining whether impaired vascular responses to Mg2+ were present in young patients with BHT. Therefore, we measured forearm vascular responses to acute increments of Mg2+ concentrations in young patients with BHT and NT age-matched subjects. We also measured responses to potassium ion (K+), which appears to evoke vasodilation by stimulating membrane Na+,K+-ATPase of vascular smooth muscle and thereby driving the cellular electrogenic pump, 15 Mg2+ were studied in four normal subjects. After infusion of the control solution, MgSO4 was infused into brachial arterial blood at the increasing rates of 0.1 and 0.2 meq/min for each 10 minutes. Subsequently, control solution was again infused for 10 minutes. Isosmolar CaCl2 solution was then infused into brachial arterial blood at a rate of 0.09 meq/min for 10 minutes, followed by infusion of the mixed solutions containing 0.1 meq/min MgSO4 and 0.09 meq/min CaCl2 delivered into brachial arterial blood, and the subsequent infusion of 0.2 meq/min MgSO4 and 0.09 meq/min CaCl2 solution. The effect of each infusion of MgSO4 was compared with forearm hemodynamics measured during a preceding paired infusion of control or CaCI2 solution. As described in study A, FBF was measured at each infusion and venous sampling was performed for measurement of serum calcium. minutes, and then isosmolar CaCJ2 solution was infused into brachial arterial blood at a rate of 0.09 meq/min for 10 minutes. This was followed by infusion of the mixed solutions containing 0.077 meq/min KCl and 0.09 meq/min CaCI2 delivered into brachial arterial blood, and the subsequent infusion of 0.154 meq/min KCl and 0.09 meq/min CaCl2 solution. The effect of each KCI infusion was compared with forearm hemodynamics measured during a preceding paired infusion of control or CaCI2 solution. FBF was measured at each infusion.
Serum sodium and potassium were analyzed by internal-standard flame photometer. Serum calcium and magnesium were determined by atomic absorption. Plasma renin activity and plasma aldosterone concentration was measured by radioimmunoassay.21
Statistics
Values are given as mean+SEM. Two-way analysis of variance (ANOVA) for repeated measures was used to determine the effects of Mg24 or K4 on forearm hemodynamics in BHT and NT subjects, and simultaneous multiple comparisons between groups were made by the modified t test, using the Bonferroni method to adjust the level of significance.24 One-way ANOVA was used with subsequent Bonferroni adjustment groups when comparing the changes in forearm hemodynamics before and after CaCl2 infusion. Regression analysis was performed according to standard procedures. Changes were reported as significant if the p value was less than 0.05. Table 1 summarizes clinical and laboratory findings for 19 BHTs and 20 age-matched NT subjects. There were no significant differences in age or body weight between the two groups. BHT patients had significant increases in systolic and diastolic blood pressure compared with NT subjects. Sixteen of the 19 BHTs have a family history of essential hypertension, but only five of 22 NTs have such a history. There were no significant differences in age, positive family history of essential hypertension, body weight, or systolic and diastolic blood pressures between the BHTs in study A and those in study B. There were no significant differences in serum sodium, potassium, calcium, or magnesium levels between the BHTs and the NTs. Plasma renin activity was significantly higher in the BHT subjects than in the NT subjects, although plasma aldosterone concentration did not significantly differ between the two groups.
Results

Forearm Vascular Responses to Mg2`in Young
Patients With BHT The forearm hemodynamic effects of the intrabrachial arterial infusions of MgSO4 in 10 BHTs and 11 age-matched NTs are presented in Table 2 . Neither control nor experimental infusions had significant effects on systemic blood pressure or heart rate in the subjects studied. During the course of the experiments, FBF and FVR measured during the control The mechanism of this relation may be related in part to changes in the wallto-lumen ratio. To consider this relation in data interpretation, we calculated the vascular responses to Mg2+ adjusted for the regression on initial resistances.
The significant correlations between initial resistance and magnitude of response to Mg 2 infusions are illustrated in Figure 1 . They represent response points in individual subjects to the infusions of 0.1 and 0.2 meq Mg2'/min, respectively. In these figures, the regression line and the 95% confidence intervals In the case of 0.1 meq Mg`+/min infusions, the response points in seven patients with BHT (solid circles) lie above the 95% confidence intervals, although response points in three of them fall within the confidence intervals ( Figure 1A ). In the case of 0.2 meq Mg2`/min infusions, moreover, response points in six out of the 10 BHT patients fell above the 95% confidence intervals ( Figure 1B) , suggesting that responses to Mg2`in at least these BHT subjects were attenuated. There were no significant differences in age, blood pressure levels, or serum magnesium concentrations between the six low-responders and the four normal-responders. Plasma renin activity did not differ between the two groups of BHT subjects, although mean plasma renin levels were significantly higher in BHT subjects than in NT subjects (Table 1) . Moreover, there was no significant difference in initial *Units (mm Hg/mV100 ml/min).
,A Resistance, changes in vascular resistance; Ca (-), without the infusion of calcium; Ca (+), with the simultaneous infusion of calcium.
tp<0.05 (versus with the simultaneous infusion of calcium); *p<0.01 (versus during the infusion of dextrose); §p<0.01 (versus with the simultaneous infusion of calcium); ¶p<O.05 (versus during the infusion of dextrose). The most important finding is that, despite the normal FVRs to K', the responses to Mg2+ were significantly attenuated in young patients with BHT compared with age-matched NT subjects. Indeed, absolute values of decrease in resistance with each infusion of Mg2+ were the same between BHT and NT subjects. But, the value of the response should be adjusted for the regression on initial resistance, because the increased wall-to-lumen ratio must definitely contribute to the increased vasodilator responses to vasoactive agents. When the relation between initial resistance and change in resistance was considered, six of 10 patients consistently had the attenuated vascular responses to Mg2+ compared with NT subjects. Because the FVR in patients with BHT was slightly higher in the magnesium group (53.9±4.2 units) than in the potassium group (50.7±2.9 units), one might speculate that the difference in vascular responses to Mg2+ and K+ might be due to the difference in initial resistances of the two BHT groups. However, evidence does not support such a suggestion because three of four BHT patients who had normal initial FVR showed the decreased responses to Mg2+ (Table 2 and Figure 1 ). Second, there was no significant difference in initial FVR between the six low_Mg2+ responders and the four normalPMg2+ responders. It is entirely possible then, irrespective of initial resistances, that FVR to Mg2+ is attenuated in a significant proportion of BHT subjects.
These attenuated responses to Mg2e in patients with BHT cannot be attributed to differences between the BHT patients and the NT subjects in age, body weight, limb resting blood flows, or serum concentrations of magnesium, sodium, potassium, and calcium (Tables 1  and 2 Na+,K+-ATPase were increased in plasma of essential hypertensive patients, which might attenuate the vascular responses to K+. It is likely this difference in K+ responses between the present results and those of the previous studies is attributable to differences in age, race, or severity of hypertension between the hypertensive groups studied. Moreover, it might be related to the difference in plasma renin levels between younger BHT patients in the present study and older, established hypertensive subjects in previous studies17'8 because older hypertensive patients have a higher incidence of low-renin hypertension. 35 The present finding that these BHT patients had higher plasma renin levels than age-matched NTs led us to speculate that most of these BHT patients who did not have low-renin hypertension, but instead had normal-or high-renin hypertension, might show normal vascular responses to K+-some investigators think the inhibitors of Na+,K+-ATPase are present most often in patients with salt-sensitive, volumeexpanded, low-renin hypertension.35-37 Supporting this is the present finding that one patient with an attenuated vascular response to K' showed low plasma renin. If it is assumed that the high-or normal-renin BHT subjects with normal vascular responses to K+ were in an early phase of hypertension and later would become low-renin established hypertensives, one can speculate these BHT patients will be able to have the attenuated responses to K+.
BHT signifies the gray zone between normal blood pressure and established hypertension. At least 10% of the general adult population may have BHT. However, this mixed group includes persons with only a transient tendency for elevated blood pressure as well as those in the early stage of essential hypertension. In the present study, four of 10 BHT patients had responses falling within the normal range (normal-responders), although six of 10 BHT patients showed markedly attenuated responses (low-responders). These abnormalities cannot be attributed to the differences between the four normal-responders and the six low-responders in age, serum magnesium concentrations, blood pressure levels, initial resistances, or plasma renin levels, but probably should be attributed to heterogeneity of disease mechanisms in BHT. It 
